Age-related changes in daily sperm production (DSP) and testicular weights were investigated in paired testes from 89 men aged 21\p=n-\50 years and 43 men aged 51\p=n-\80 years. For both DSP/testis and DSP/g parenchyma, remarkably large standard deviations exceeded 50% of mean values. However, DSP/g and DSP/testis for both right and left testes were approximately 30% higher in the younger than in the older group (P < 0\m=.\01) and were negatively correlated with age (P < 0\m=.\01) when data from both groups were pooled. Weights of whole testes and of testicular parenchyma were similar in both age groups and were not significantly correlated with age. However, testicular tunic weights were 29% higher in the older group (P< 0\m=.\001) and were positively correlated with age (P < 0\m=.\001). Both testicular tunic weight and the % of total testis occupied by tunic were negatively correlated with DSP/g (P < 0\m=.\01); these correlations were weakened by removing the effect of age. Although total testicular weight and testicular parenchymal weight did not change with age, these values were about 10% lower on the left than on the right (P < 0\m=.\001). In addition to its increase with age, testicular tunic weight was about 8% greater for right than for left testes in all men (P < 0\m=.\001).Although the average size of the testis varied from right to left, DSP/g was similar in paired testes (P = 0\m=.\15), and the correlation between right and left DSP/g was high (p = +0\m=.\89, P < 0\m=.\001). Much of the variation in daily sperm production in men remains unexplained. However, sperm production does decline significantly with age in the human male.
Introduction
Considerable variation in the seminiferous tubules of individual men has been reported following histological evaluation and quantitative histology (Charny, 1940; Roosen-Runge, 1956; Steinberger & Tjioe, 1968; Skakkebaek & Heller, 1973; Honore, 1979; Johnson, Petty & Neaves, 1981) . Likewise, individual variation has been reported in daily sperm production (Amann & Howards, 1980; Johnson et al, 1980a Johnson et al, , b, 1983 ) and daily sperm output in ejaculates (Hotchkiss, 1941; Freund, 1963; Read & Schnieden, 1978; Johnson, 1982) . The interpretation of sperm production measurements and the evaluation of therapeutic interventions would be enhanced if the variation amongst individual men could be explained. To this end, we evaluated the effects of age on various testicular characteristics.
Materials and Methods
Pairs of testes from 89 men aged 21-50 years and 43 men aged 51-80 years were obtained throughout the year at autopsy within 24 h of sudden, unattended death in Dallas, Texas. Cause of death was attributed to trauma resulting from accidental or intentionally inflicted injury in 70% of the younger age group and in 44% of the older age group. Heart attack or stroke accounted for 15% of deaths in the younger group and 33% in the older group. Cause of death was not immediately ascertained in 15% of the younger men and in 23% of the older men. Information on ethnic origin was available for 78% of younger men and 72% of older men. Among those identified, whites accounted for 60% and 71%, blacks 33% and 19%, and latins 7% and 10% of younger and older men, respectively. Distribution of men by decade was 46, 25,18,22,12, and 9 proceeding from the 3rd to the 8th decade of life.
Air-tight containers were used to store frozen testes until evaluated by phase-contrast cytometry of homogenization-resistant spermatids in homogenates of unfixed testicular parenchyma. The time interval between death and freezing (post-mortem time) varied between 3 and 24 h and was examined for relationships to other data gathered in the study. The time of year in which death occurred was also recorded and examined for possible seasonal influence on daily sperm production. Upon thawing, each testis was separated from the epididymis and fascia, weighed to the nearest 0-01 g, decapsulated, and homogenized in a Waring Blender for 2 min in 150 ml 150 mM-NaCl containing 0-05% Triton X-100 and 2-8 mM-NaN3 (Amann & Lambíase, 1969) .
Duplicate enumerations of homogenization-resistant spermatids were made by each of two evaluators. The daily sperm production per testis (DSP/testis) was calulated as the number of homogenization-resistant spermatids in the homogenate divided by the 2-9-day estimated life span of such spermatids (Johnson et al, 1981) . The life span is based on the duration of these spermatids in human spermatogenesis (Clermont, 1963; Heller & Clermont, 1964) . The DSP/testis value divided by the parenchymal weight provided DSP/g. Precision, measured by the average coefficient of variation, was 11% for repeated estimates of DSP/g for the same testes.
Differences between age groups and between right and left testes were assessed by parametric and non-parametric tests of significance. In no case did the level of significance of difference vary according to whether parametric or non-parametric tests were applied. Since values for several of the measurements exhibited skewness within groups being compared (see Text- fig 
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Text- fig. 1 . Comparison of sperm production and testicular weights in right testis of younger and older men by Tukey's (1977) box-and-whiskers plots. These graphical representations of variation within groups of study subjects display minimum, 25th percentile, median, 75th percentile, and maximum values for each characteristic. Plots based on data from left testes closely resembled those based on right testes. non-parametric significance tests are reported throughout this paper. For comparisons between age groups, the Mann-Whitney test has been used (Zar, 1974) . The Wilcoxon test was employed for comparisons between paired right and left testes (Zar, 1974) . Regression analysis was performed on many of the characteristics measured from all 132 men in this study. Parametric (Pearson's r) and non-parametric (Spearman's p) correlation coefficients were tested for significance (Zar, 1974) . In only one case did the two correlation coefficients yield different significance levels. For age versus DSP/testis, calculation of rather than r increased the significance level from < 0-01 to < 0-001 and from < 0-05 to < 0-01 for right and left testes respectively. Since normal distribution of values could not be assumed in many cases, Spearman's is reported throughout this paper. Study of pairwise correlation of various testicular measurements was extended to partial correlations (Draper & Smith, 1981) with the effect of age removed from each.
Since considerable variation in all measurements occurred in both age groups, the following description of results applies to groups and not to individuals within the groups.
Results
Both testes of older men had values for DSP/g and DSP/testis that were 27-33% lower than corresponding values in younger men (Table 1) . Sperm production expressed both per gram and per testis was negatively correlated with age for all men in this study (Table 2 ; Text- fig. 2a ). Weights of whole testes and of testicular parenchyma were similar in both age groups (Table 1) and were unrelated to age (Table 2 ). However, weight of the testicular tunic was increased by 28% in both testes of men in the older age group (Table 1) and was positively correlated with age (Table 2) . When expressed as percentage of total testicular weight, the testicular tunic was 35-39% heavier in the testes of men in the older age group (Table 1 ) and exhibited a significant positive relationship to age when both groups were subjected to regression analysis (Table 2) . Exaggerated thickness of the tunic, due largely to accumulation of fibrous tissue, was responsible for the elevation in weight with increasing age.
Values for DSP/testis were positively correlated with total testicular weight and with weight of the testicular parenchyma (Table 2) . However, neither testicular weight nor parenchymal weight was related to DSP/g ( Table 2 ). The opposite was true of the relationship between testicular tunic weight and sperm production. DSP/testis was unrelated to tunic weight; however, DSP/g was negatively correlated with tunic weight ( Table 2 ). The negative relationship between tunic development and sperm production became more apparent when tunic weight was expressed as a percentage of total testis weight (Table 2; Text- fig. 2b ). Calculation of partial correlation coefficients to remove the effect of age revealed a weaker association between tunic development and daily sperm production ( Table 2) .
Average post-mortem time was the same for both age groups (12-8 ± 0-8 h for the younger group and 12-9 ± 1-0 h for the older group; = 0-95), and subject age was unrelated to post¬ mortem time (p = -006, = 0-48). There was no relationship between post-mortem time and DSP/g for the right or left testis (p = -001, = 0-91 and = + 0-00, = 1-00, respectively). Although human males may experience some seasonal variation in semen composition (Pinatel, Czyba & Souchier, 1982) , there was no significant difference in DSP/g between winter (December, January, February) and summer (June, July, August) for the younger (N = 16 in winter and = 25 in summer) or older (N = 13 in winter and = 11 in summer) age groups. At the latitude where these specimens were collected (33°N), the average winter temperatures range from 3 to 15°C and the average summer temperatures range from 23 to 35°C. The results were the same regardless of whether right or left testes were analysed (P > 0-05 in all cases). Testicular weight and parenchyma weight averaged 9-10% lower on the left as compared to the right (Table 3 ). Testicular tunic weight averaged 8% lower on the left as compared to the right (Table 3 ). The DSP/g was similar in each testis, but the DSP/testis was 13% lower in the left testis (Table 3) . Regression analysis revealed close correlation between paired testes for all (Table 3 ). The highest correlation between right and left paired testes was found for DSP/g (Table 3 ; Text- fig. 2c ).
Discussion
The remarkably large variation (s.d. > 50% of the mean) found in DSP/g and DSP/testis is consistent with the large variation in human spermatogenesis previously noted by other workers (Chamy, 1940; Roosen-Runge, 1956; Steinberger & Tjioe, 1968; Skakkebaek & Heller, 1973; Honore, 1979; Johnson et al, 1981) . The reasons for this large variation are poorly understood. However, in agreement with reported trends (Amann, 1981) , our study indicates that age contributes to this variation. Indeed, the age-related changes in both DSP/g and DSP/testis were significant in our study.
Evidence suggestive of declining sperm production with advancing age comes from several sources. Ejaculation rates decline from 3 per week for ages 15-30 to <1 per week for age 70; furthermore, the number of spermatozoa per ejaculate is reduced by 30% in the 7th decade of life and by another 20% in the 8th decade (see review by Hafez, 1976) . The length of time required for development of spermatozoa from spermatogonia in man is not altered from 74 days regardless of age (Heller & Clermont, 1964) . However, while 90% of the sectioned profiles of seminiferous tubules contain spermatids in the 3rd and 4th decades of life, only 50% do so in the 5th to 7th decades, and in men over 80 years of age a mere 10% of the tubules contain spermatids (Sasano & Ichijo, 1969) .
Degenerative changes within seminiferous tubules of ageing men have been summarized by Bishop (1970) and Harman (1978) . The major changes, in order of occurrence and severity, include thickening of the basement membrane and tunica propria of seminiferous tubules, followed by decreased spermatogenic activity. The physiological status of the basement membrane and tunica propria is crucial (Timiras & Meisami, 1972) . With ageing, new layers of connective tissue are deposited and the wall thickens. This thickening is deleterious to formation of spermatozoa and probably underlies the gradual decline in spermatogenesis with senescence (Timiras & Meisami, 1972) . With progression of fibrosis in ageing, the germinal epithelium becomes increasingly separated from the blood supply (Bishop, 1970) .
The thickening of the testicular tunic observed in older testes in our study is a reflection of the established testicular propensity to undergo progressive fibrosis with increasing age. The fact that tunic weight exhibited a significant negative relationship to sperm production suggests that similar factors may be responsible for increased tunic thickness and decreased DSP/g. A common metabolic deficiency, such as reduced oxygen tension in the testis, could perhaps increase fibrosis and, directly or indirectly, also reduce production of spermatozoa.
It is also possible that the age-related decline in the Leydig cell population (Kaler & Neaves, 1978) and apparent reduction in testosterone production (Harman, 1978) may be involved in the lowering of sperm production noted in the present study. Testosterone is required for the completion of meiosis during spermatogenesis (Steinberger, 1971) , and sperm production rates in humans are closely related to the percentage of cell loss during post-prophase of meiosis (Johnson et al, 1983) . A reduced production of testosterone could lower sperm production rates by increasing cell loss during meiosis. More potential correlates of age-related changes in the testis must be investigated before causative relationships are attempted.
Contrary to the results of the present study, which found no change with age in either total testis weight or parenchyma weight, several previous studies have reported decreased testicular weight and/or volume in older men (see review by Harman, 1978) . However, Tillinger's (1957) study of 299 men from 16 to 90 years of age showed no diminution of testicular weight with increasing age if the seminiferous tubules were intact. If the tubules were disregarded, testicular weight diminished only after 60 years of age (Tillinger, 1957) . When Tillinger (1957) divided his subjects into the age groups used in our study, testicular weights in the younger and older groups were similar, regardless of the condition of the seminiferous tubules. This present series of men also provided an opportunity to examine the relationship between right and left paired testes. The results show that left testes are significantly smaller than right testes. This is true for weights of parenchyma and tunic as well as for total testis weight. The magnitude of the difference is about a 10% reduction in weight on the left side. In spite of the tendency for the left testis to be smaller, weights of testicular components are highly correlated between the right and left sides. Although it varies widely amongst men, DSP/g is remarkably similar between paired testes. Both DSP/g and DSP/testis exhibit a highly positive correlation between right and left testes. However, due to the smaller size of the left testis, it produces fewer spermatozoa on average than the right. The striking similarity in sperm production per gram by both testes of individual men implicates governing influences that transcend each testis. Assuming similar blood flow through each organ, both testes of a pair should experience similar levels of gonadotrophic stimulation and similar access to metabolic substrates. Likewise, the testicular response to these conditions will be predicated on the same genetic heritage (for an example of the potential significance of common genetic heritage on daily sperm output in man, see Johnson, 1982) . Equally importantly, both testes are subject to the same influences of life-style, environment and vicissitude. The relative importance of these potential supratesticular influences is as yet unproven, but these are also the same factors that vary so widely from individual to individual, thus providing potential explanation for the striking variation in sperm production amongst men.
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